Ni-BTC (BTC = 1,3,5-benzene tricarboxylate) metal organic framework (MOF) was synthesized using different solvent conditions. Solvent mixtures of water/N,N-dimethylformamide (DMF), water/ethanol, and water/ethanol/DMF were used for the reactions with or without a variety of bases at 160 °C for 48 hours. Even with same green crystals, prepared MOFs show all different BET surface areas and different XRD patterns. The highest BET surface area of the crystals was 850 m 2 /g obtained from water/DMF solvent with NH 4 OH as a base. The measured surface areas of the crystals follows the order of Ni-BTC (water/DMF-NH4OH) > Ni-BTC (water/DMF-TMA) > Ni-BTC (water/DMF) > Ni-BTC (water/DMF-Pyridine) > Ni-BTC (water/ethanol) > Ni-BTC (water/DMF-aniline) > Ni-BTC (water/DMF-NaOH) .
INTRODUCTION
Coordination polymers and metal organic frameworks (MOFs) represent one of the most attractive research areas of coordination chemistry. The combination of metal ions and organic linkers provides various possibilities for the fabrication of materials with different structure and functionality. These have wide potential applications in the fields of gas adsorption and storage, separation, sensors and catalysis. [1] [2] [3] [4] [5] [6] These crystalline, highly porous solids can possess ultra--high Brunauer-Emmett-Teller (BET) surface areas (~7000 m 2 g -1
). [7] [8] [9] [10] Due to their modular nature and structural tunability, application of MOFs has been widening in the fields of light harvesting, [11] [12] [13] [14] [15] sensing, 16 optical luminescence, 17, 18 ionic conductivity, [19] [20] [21] nonlinear optical behavior 22 and as precursors for the synthesis of nanomaterials with interesting properties. [23] [24] [25] [26] [27] [28] [29] A huge variety of MOFs have been synthesized and reported so far with synthesis techniques such as hydrothermal, solvothermal, microwave assisted heating, mechanochemical, electrochemical and, more recently, ultrasonic processes. 30 Ni-BTC, as a part of this long chain of MOFs, has been initially reported by Yaghi. 31 constructed by btb linkers (btb = benzene 1,3,5-tribenzoate) and {Ni 5 (µ 3 -O) 2 (O 2 C) 6 }, porous paddle-wheel structures using different combination of metal/organic linker/base/solvents via high throughput synthesis 33 and CPO-27(Ni) 34 are few other noticeable contributions to Ni based porous solids.
Because each different lab has been reporting different solvent conditions, solvent effect was tested in this study with different solvent mixtures of water/N,N-dimethylformamide (DMF), water/ ethanol, and water/ethanol/DMF with or without a variety of bases at 160 °C for 48 hours. Because bases added to the solution may help deprotonate from BTC for the formation of Ni-BTC, the effect of a variety of bases of NaOH, NH 4 OH, pyridine (Pyr), aniline (Anl), and trimethylamine (TMA) was also tested in this research work. In the present work, we have opted for solvothermal synthesis of Ni-BTC. Isolated MOF crystals were analyzed by X-ray diffraction (XRD) measurement, scanning electron microscope (SEM), FTIR, X-ray photoelectron spectroscopy (XPS) techniques together with the BET surface area measurement.
EXPERIMENTAL
All materials including NiNO 3 .6H 2 O (99.5%, Alfa Aesar), 1,3,5-benzenetricarboxylic acid (H 3 BTC)(99%, Alfa Aesar), DMF (99.8%, Alfa Aesar), ethanol (94-96%, Alfa Aesar), NaOH (pellets 98%, Alfa Aesar), NH 3 water (1 mol L -1 NH 3 in H 2 O, Daejung chem.), aniline (99.5%, Daejung chem.), trimethylamine (99%, Alfa Aesar), and pyridine (99.5%, Daejung chem.) were used as received. We have synthesized seven Ni-BTC yields from combination of these solvents.
Preparation of Ni-BTC solution
Two solutions of 20 mmol of NiNO 3 .6H 2 O dissolved in 40 mL deionized water and 10 mmol of H 3 BTC dissolved in 40 mL organic solvent were prepared separately. The two solutions were then mixed and loaded in a Teflon liner assembly. Prepared organic solvent was each pure DMF, pure ethanol, a mixture of DMF (24 mL NaOH in water (13 mL). Measured pH ranges of the prepared solution mixtures were 2 -2.15.
The Teflon liner assembly consisted of a Teflon crucible with a cover. This Teflon liner was then placed inside a stainless steel enclosure which was completely tightened before placing it inside the convection oven. Such assembly completely blocked the vaporization of any solvent from the reaction system. The assembly is shown in Figure 1 .
Each of these solution mixtures was heated at 160 °C for 48 hours in a convection oven. The Teflon liner assembly was then cooled to room temperature. MOF crystals were filtered and washed with deionized water (20 mL × 3) and ethanol (20 mL × 3) successively. The obtained MOF crystals were dried for 12 hours at 100 °C prior to the analytical works.
Characterization
The XRD measurement was performed by using Rikagu D/ MAX 2200H (Bede model 200) using a Cu-K α radiation source of wavelength λ = 1.5406 Å, and the diffraction intensity were recorded in 2θ range of 2-60˚ with a step of 0.0092˚. The XRD patterns were analyzed with Xpert HighScore Plus software. The diffraction peaks were identified through search match option with inbuilt ICSD repository of HighScore Plus software. The Rietveld analysis was used to obtain approximated chemical formulas of product phases in each synthesized MOF. The FTIR spectra were collected on a Bruker IFS66/S Fourier transform IR spectrophotometer for the MOFKBr disks at room temperature. The scanning electron microscopy (SEM) observations were performed on JEOL, JEM1200EX II set up equipped with field emission gun. BET surface areas of the samples were determined from N 2 adsorption isotherms at liquid nitrogen temperature (−196 °C) using a Micrometrics ASAP 2420. Surface composition of MOFs was measured with theta probe AR-XPS system (Thermo Fisher Scientific, UK). XPS measurements were made with mono chromatic Al-K α X-ray source. Thermogravimetric analyses were recorded through SDT2960 (DTA-TGA).
RESULTS AND DISCUSSION
Ni-BTC MOF was obtained by solvothermal reaction of NiNO 3 .6H 2 O and H 3 BTC in 2:1 molar ratio as described before. Light green MOFs were obtained from the reactions. The isolated yields of MOFs were variable between 34~75% depending on the applied solvent conditions. The physical properties of isolated Ni-BTC MOFs are listed in Table 1 . The highest yield of 75% was obtained from Ni-BTC NaOH . Solutions with the addition of base improved the isolated yields ranging 73~75%, except for the case of aniline, Ni-BTC Anl , addition (34%). Conditions without base resulted in either similar yield of 72% for Ni-BTC EtOH or relatively low yield of 57% for Ni-BTC DMF . A comparison with some selected previously reported synthesis routes has been presented in Table 2 . It represented a summary of results from various previously synthesized Nickel based MOFs. It gave a good account of variety of synthesis techniques, organic linkers and operational conditions for the preparation of the final product.
The XRD patterns are shown in Figure 2 . Interestingly, all of the XRD patterns show different diffraction patterns meaning they are formed with different crystal structures. The XRD patterns from the products in this synthesis are quite different from those reported in various studies, [31] [32] [33] [34] since each and every process has been accomplished with variety of solvents, reaction conditions, metal precursors and reaction modes. Thus every aspect of chemical reaction, whether it is the nature of solvent and precursor, base solution, reaction temperature, synthesis route and reactant concentration, has a strong bearing on the final structure of the product. This fact appeared quite evidently during this synthesis. Here every Ni-BTC resulting from various combinations of solvents and bases showed a unique XRD pattern, which is a testimony of the fact that each Ni-BTC has nucleated with its own crystal structure as shown in Table 1 and from their chemical composition.
In comparison, the XRDs of Ni-BTCs resulting from the combinations of water/DMF-NaOH, water/DMF-NH 4 OH, water/DMF-pyr and water/DMF-TMA showed good crystallinity. The peaks appearing in these patterns are more pronounced and sharp. It seemed that a majority of bases in the present work have helped in deprotonation of carboxylic acid and the resultant Ni-BTCs are more refined. Whereas the addition of aniline seemed to have negative effect which not only reduced the % yield, but also resulted in a product which have distorted structure.
The patterns were analyzed with HighScore Plus. For each XRD pattern, a diffraction line (with *) at 2θ value of 2.80° denotes the Figure 3 . They show similar IR absorption patterns with Ni ion coordinated COO moiety in the range of 1350-1650 cm -1 , 35 and ν C-N and ν CN-CHO vibrational frequencies observed at 1103 and 936 cm -1 indicated the presence of Ni coordinating to DMF molecules. The C=O band at 1600 cm -1 in FTIR spectra of Ni-BTCs represented the amide group from DMF. In general, the amide group from DMF appears at 1630-1695 cm -1 in IR spectra. From the Figure 3 it is evident that Ni-BTC TMA , Ni-BTC NH 4 OH and Ni-BTC NaOH showed more intense Ni-DMF coordination band as compared to the rest of the four Ni-BTCs. The BET adsorption isothermal experiment was performed with N 2 at liquid nitrogen temperature (-197 °C) , and the resulted plots are shown in Figure 4 . The BET surface area data are summarized in Table  3 . The largest BET surface area was obtained from Ni-BTC NH 4 OH with 850 m 2 /g. The other MOFs also showed good potential in terms of their physiosorption, and properties such as pore size, pore volume and average particle size, except for MOFs of Ni-BTC Anl and Ni-BTC NaOH , which are basically meso-porous with extremely low BET surface areas of 8.96 and 1.8692 m 2 g -1
, respectively. Pore volumes are reasonably ranged between 0.36-0.51 cm 3 g -1 from good Ni-BTCs MOFs. The calculated pore diameters of Ni-BTC DMF , Ni-BTC NH 4 OH , Ni-BTC TMA , Ni-BTC EtOH and Ni-BTC pyr are in 20-25 Å range, which is higher than the average molecular diameter of N 2 (16.2 Å). Thus, these Ni-BTCs present enough surface area and pore window opening to nitrogen gas for adsorption. The addition of bases NH 4 OH, TMA and pyridine to the solvent mixture of water/DMF tends to produce a Ni-MOF yield with appreciable surface area. Possibly the base addition is helping in the removal of solvent molecules from the pores of synthesized MOF. Surprisingly, NaOH is the stronger base than the rest and its deprotonation effects are evident from the 75% yield of Ni-BTC NaOH . But NaOH did not prove to be effective in obtaining high surface area Ni-MOF, probably due to the pore window size being too much restricted in this case that it did not allow the nitrogen gas molecules to access the pores. Similarly, the addition of aniline is also working negatively. Aniline is a weak base and does not seem to facilitate the formation of MOF either.
The top 5 nm surface compositions of MOFs were measured by XPS analysis and the plots are shown in Figure 5 . The XPS results demonstrate the appearance of C1s, Ni2p 3 and O1s peaks, which is the testimony for the presence of fundamental elements of BTC coordinated to Ni in this metal organic framework. The surface morphology through scanning electron microscope (SEM) images in Figure 6 (a) of the MOF powders suggested that Ni-BTC Anl has granular structure (a), whereas the other Ni-BTCs (b-g) have predominantly rod shaped particle morphology for each MOF. 
Figure 4. BET adsorption isotherms of Ni-BTCs
Thermogravimetric analyses were performed under N 2 atmosphere and the results are shown in Figure 7 . Each of the thermogram of Ni-BTCs has three distinct regions at different temperature ranges. Initial weight losses until decomposition were attributed to the loss of moisture and solvent molecules trapped in the cavities. 32 The MOF structures of Ni-BTC EtOH , Ni-BTC NaOH , Ni-BTC NH 4 OH , Ni-BTC pyr and Ni-BTC Anl showed almost similar TGA curves. The respective initial weight losses of 30, 27, 27, 25 and 20% in the same sequence are due to the loss of moisture and solvent molecules until 400 °C. As the heating continued, the MOF structures became unstable and collapsed. The Ni-BTC DMF showed good thermal stability with a weight loss of 6% up to 300 °C. This weight loss may be due to the moisture content in the MOF. From 300-325 °C, the weight loss increased up to 45%. The increased weight loss may be attributed to the separation of DMF molecules from the structure. Between 325-400 °C MOF network decomposed and finally a residue of 38% was left after the completion of process. In TGA curve of Ni-BTC TMA , the structure was quite stable until 300 °C as the initial loss in weight was just 8%, however, as the heating continued there appeared a rapid and spontaneous decrease of weight due to simultaneous separation of water molecules and DMF solvent. In the process MOF structure collapsed around 350 °C.
In comparison, five Ni-BTCs (Ni-BTC EtOH , Ni-BTC NaOH , Ni-BTC NH4OH , Ni-BTC pyr and Ni-BTC Anl ) showed good thermal stability and these structures were proved to be more robust than the other 
